ABSTRACT
INTRODUCTION
The term 'nanofluids' describes nanoscale colloidal suspensions which are currently being investigated by several groups around the world. Great interest in nanofluids was generated by the pioneering work of Choi and his colleagues at Argonne National Laboratory (see, e.g., [1] [2] [3] ), who observed significant enhancements to the nanofluid's static thermal conductivity, well above what was expected from classical theories like the Maxwell-Garnett model [4] . At that time, several competing models were proposed to explain the unexpected increase in thermal conductivity (see, e.g., [5] [6] [7] [8] [9] [10] [11] [12] ). One model was based partially on the concept that the Brownian motion of the nanoparticles induced localized convection currents, such that the effective rate of thermal transport near the nanoparticles was significantly greater than that of the static base liquid, i.e., greater than that of the liquid thermal conductivity. This approach was introduced in [7] , and further developed in [9, 13] . Since that time, additional work has demonstrated the significant effect of the colloidal chemistry of these suspensions on thermal transport, especially on the aggregation dynamics of the nanoparticles [11, 12] . Thermal transport within aggregates can also result in 'anomalously' high effective thermal conductivities of nanofluids, because of percolation effects within the aggregates.
At the time of this writing, it is still not clear what is the predominant mechanism leading to enhanced thermal transport within nanofluids. There is an emerging consensus, although perhaps not universal agreement, that the two most significant contributing mechanisms are percolation within the aggregates, and Brownian-induced localized convection. It should also be pointed out that some studies have indicated no enhancement in thermal transport in nanofluids, beyond what is expected from traditional theories (see, e.g., [14] ). Nevertheless, the motivation behind the current study is to elucidate the mechanism of Brownian-induced localized convection through a numerical simulation that considers the coupled dynamics between the nanoparticles and the base liquid. This simulation, described in detail below, is at present a two-dimensional computation that treats the nanoparticles as being fully dispersed throughout the base liquid. That is, no aggregation is allowed, meaning that any enhancement in thermal transport predicted by these calculations is due solely to localized Brownian-induced convection. In this way, we can further understand the role of such Brownianinduced convection on thermal transport in nanofluids, leading to improved fundamental understanding and hopefully improved nanofluids for applications.
Problem formulation
Let us denote the domain containing a Newtonian fluid and N solid particles by Ω, the interior of the i th particle by P i (t), and the domain boundary by ∂P. The governing equations for the fluid particle system are
where u f denotes the fluid velocity and
is the stress tensor, p is the static pressure, ρ f the fluid density, µ f the fluid viscosity, respectively, g is the gravitational acceleration. Hereafter, ρ f and µ f are assumed to be constant. The motion of solid particle is tracked in Lagrangian reference by the equations of momentum
and angular momentum
where v p is the velocity of the particle center, ω p the angular velocity of the particle rotation, m p the mass, I p the inertia tensor. The terms, G p and N p , are the external force and moment, respectively. P p represents the particle surface, n the unit vector in the normal and outward direction at the surface. The vector r means the relative position from the center of rotation to the surface. The Brownian force B p (t) satisfies
where k B is the Boltzmann's constant, T is the temperature, a is the radius of the particle. The numerical time-step for integration is chosen so that it is greater than the momentum relaxation time. Also, the Brownian force on the particle is given by
where τ is the time step used in the numerical integration scheme, and ξ is a Gaussian random vector. The energy equation is given by
where i corresponds to either fluid or solid. The fluid and solid temperatures are coupled via:
In the equation above, T , c k, and Q denote the fluid temperature, heat capacity (or specific heat), heat conductivity, and heat source, respectively. Note that Eq. 11 indicates no thermal boundary resistance between the nanoparticles and the base liquid, which we neglect for now.
To solve Eqs. (1) and (2) we define the following velocity [15] [16] [17] 
α represents the volumetric fraction of solid in the computational cell, u p is the velocity inside the solid particle defined by
Equation 12 is the weighted average of velocity, and for the case of no-slip, no-permeable conditions at the interface, u f = u p , the continuity condition
should be satisfied for u. Thence the following equation for u is
where
and P = p/ρ f , ν = µ/ρ f is the kinematic viscosity of the fluid. The force f p is the force to modify the flow predicted as if the field is occupied by the fluid to the velocity defined by Eq (12).
The above equations can be nondimensionalized by assuming that the characteristic length, velocity, time, stress, angular velocity and Brownian force scales are a, U, a/U, µ f U/a, U/a and (12π, µ f ak B T /τ) 1/2 . The non-dimensional governing equations, after using the same symbols for the dimensionless variables are
where Re = ρ f Ua/µ f . There normally exist two characteristic temperatures for the thermal problem, and we define one as T o and the other as T m . Then the dimensionless temperature can be defined by
. From Eq. 9 we get the dimensionless energy equation
where the the Peclet number is defined as Pe = ρ f c f Ua/k f , and heat source has been neglected. The Navier-Stokes equations are solved using the method of Kajishima [15, 16] in the modified version of Patankar [17] , the energy equation is solved using the immersed-boundary method as described in [18, 19] and references therein. We use a semiimplicit time-advancement scheme with the Adams-Bashforth method for the explicit terms and the Crank-Nicholson method for the implicit terms. The spatial derivatives are discretized using second-order central differences with the exception of the convective terms which are discretized using a variation of QUICK which calculates the face value from the nodal value with a quadratic upwind interpolation on non-uniform meshes [20] . We use a fractional step method to solve Eq. (17)- (18) as described in [21] .
Results and discussion
The heat conductivity of suspensions can be analyzed with a plate system whose schematic in two-dimensions is presented in Fig. 1 . We consider both height and width being 32 particle diameters and there are 36 particles in the cavity, Re = 10 and Pe = 10. We also consider neutrally buoyant particles with the same conductivity, therefore, the boundary conditions for the temperature at the interface boundary are There is heat input from the left plate, resulting in a bulk temperature gradient at steady state defined by
H . We insulate the upper and bottom surfaces, the left-wall temperature is set to Θ 2 = 1 and the right-wall temperature is Θ 1 = 0. The velocities at the walls are zero. The location of 32 particles at t = 35 is shown in Figure 2 along with the isotherms, showing how the isotherms touch the particle boundary at right-angles. Typical structures of the flow field are depicted in Figure 3 . The velocity of each particle fluctuates rapidly, carrying a large amount of fluid with them, giving rise to temperature convection. Figure 4 shows the time evolution of the calculated heat flux measured at the left wall averaged over the entire height and the bulk heat flux calculated for pure diffusion. The heat transfer enhancement obtain by numerical simulations suggest that the argument that the augmentation of heat transfer in the fluid is due to the convection [13, 22] is sound. Before drawing further conclusions, however, this limited set of results must first be expanded to include other conditions. Furthermore, the interesting structures observed in the time variation of the heat flux at the left wall, in particular the local maximum observed near t = 10, must be analyzed.
Summary
In this paper, we analyzed the enhancement effect on heat transfer induced by Brownian motion. The effects of temperature have been considered in the formulation, and our results support the argument that the micro-heat-convection in the fluid is partially responsible for the high effective heat conductivity of nanofluids. 
